Abstract. Alzheimer's disease (AD) is the most common type of progressive neurodegenerative disorder, and is responsible for the most common form of dementia in the elderly. Inflammation occurs in the brains of patients with AD, and is critical for disease progression. In the present study, the effects of rapamycin (RAPA) on neuroinflammation lipopolysaccharide (LPS)-induced were investigated. SH-SY5Y human neuroblastoma cells were treated with 20 µg/ml LPS and 0.1, 1 or 10 nmol/l RAPA, and were analyzed at various time points (6, 12 and 24 h). The mRNA expression levels of interleukin (IL) 1β, IL6 and hypoxia-inducible factor 1α (HIF1α) were determined using reverse transcription-quantitative polymerase chain reaction. The protein expression levels of phosphorylated (p-)S6, p-nuclear factor κB (NFκB), p-inhibitor of NFκB kinase subunit β (IKKβ) and p-tau protein were measured by western blot analysis. p-IKKβ, p-NFκB, p-S6 and p-tau were significantly decreased at 6, 12 and 24 h when cells were treated with ≥0.1 nmol/ml RAPA. In addition, female Sprague Dawley rats were intracranially injected with a single dose of 100 µg/kg LPS in the absence or presence of 1 mg/kg RAPA pretreatment. Brain tissues were subjected to immunohistochemical analysis 6-24 h later, which revealed that the expression levels of HIF1α and p-S6 in rat cerebral cortex were increased following LPS injection; however, this increase was abrogated by RAPA treatment. RAPA may therefore be considered a potential therapeutic agent for the early or emergency treatment of neuroinflammation.
Introduction
Alzheimer's disease (AD) is characterized clinically by progressive memory loss and cognitive decline (1) . In the United States, ~5 million people have AD and with an aging population, ~16 million people are predicted to be diagnosed with AD by middle of the century in the US alone (2) . Neuropathological features of AD include extracellular aggregation of amyloid-β (Aβ) and intraneuronal neurofibrillary tangles (aggregates of tau composed primarily of hyperphosphorylated tau) (3) . In addition, inflammation occurs in the brains of patients with AD. In primary microglial and astrocyte cell cultures obtained from postmortem AD patients and nondemented elderly (ND) controls, and in neuroblastoma cell lines, the plaque-associated cytokines interleukin (IL) 1β, IL6 and hypoxia-inducible factor 1α (HIF1α) stimulated the production of complement component (C) 1 s and C1r as a result of direct binding and activation of C1 by Aβ (4) . Furthermore, patients with no history of dementia who exhibit sufficient limbic Aβ deposits and neurofibrillary tangles at autopsy to qualify for a diagnosis of AD, reveal levels of inflammatory markers that are significantly greater than in typical ND controls but markedly reduced compared with AD patients.
The mammalian target of rapamycin (mTOR) is a phosphatidylinositol kinase-related serine-threonine kinase (5) that modulates the activity of ribosomal S6, nuclear factor κB (NFκB) and inhibitor of NFκB kinase subunit β (IKKβ) via phosphorylation. As a consequence, mTOR initiates translation and affects cell growth and proliferation. Rapamycin (RAPA) is a macrolide antibiotic that was initially developed as an antifungal agent, which has potent immunosuppressive and antiproliferative properties (5) , and is currently used to prevent rejection in organ transplantation, particularly lung and kidney (6) . Lipopolysaccharide (LPS), which is a component of the outer membrane of Gram-negative bacteria, activates glial cells, inducing inflammation in the periphery and in the central nervous NA-SHUN MENGKE  1,2 , BEI HU  1,2 , QIAN-PENG HAN  1,2 , YI-YU DENG  2 ,   MING FANG   2   , DI XIE   1,2 , ANG LI 3 and HONG-KE ZENG system (CNS) (7) . A local injection of LPS has been demonstrated to induce inflammation in numerous tissue types (8, 9) . The present study examined the effects of RAPA on the LPS-stimulated inflammatory response in SH-SY5Y human neuroblastoma cells. In addition, the effects of RAPA treatment, acting via mTOR signaling pathways on traumatic brain injury recovery in a rat model of neuroinflammation, were investigated.
Rapamycin inhibits lipopolysaccharide-induced neuroinflammation in vitro and in vivo

Materials and methods
RAPA preparation. RAPA (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in deionized water (10 mg/ml) and stored at -20˚C. For in vivo experiments, this stock solutionwas diluted to 1 mg/ml immediately prior to intragastric administration. Rats in the treatment group received RAPA (1 mg/kg) and control animals received normal saline (NS), 30 min prior to surgery (10) .
Cell culture and drug treatment. SH-SY5Y human neuroblastoma cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured at 37˚C in a humidified incubator containing 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 15% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 2 mM L-glutamine. The cells were maintained in the logarithmic phase of growth and subcultured every 3-4 days. Prior to experimentation, the medium was removed and replaced with 0.01% trypsin-ethylenediaminetetraacetic acid (EDTA) (Gibco; Thermo Fisher Scientific, Inc.), which had been warmed to 37˚C. The cell layer was completely covered and incubated at 37˚C for ~3 min to allow detachment of the cells. Subsequently, complete medium (containing 0.02-0.03% trypsin) was added and the cell suspension was transferred to a clean tube. The cells were centrifuged at 200 x g for 5 min at room temperature, the supernatant was discarded and the cells were resuspended in fresh medium. Experiments were performed 24 h later. The medium was removed and replaced with medium supplemented with FBS containing LPS (20 µg/ml) or LPS (20 µg/ml) and RAPA (0.1, 1.0 or 10 nmol/ml). Cells were incubated for 6, 12 or 24 h, and were subsequently digested with trypsin for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis.
RT-qPCR.
Total RNA samples were isolated from SH-SY5Y cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The total RNA products (1 µg) were immediately transcribed into cDNA using a PrimeScript™RT Reagent kit with Genomic DNA Eraser (Takara Biotechnology Co., Ltd.). qPCR was performed on a Chromo4 Four-Color Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using the SYBR ® Premix Ex Taq™II (Tli RNaseH Plus) kit (Takara Biotechnology Co., Ltd.). Cycling conditions were as follows: Initial denaturation at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec, 60˚C for 20 sec and 72˚C for 15 sec. Data was normalized using the 2 -ΔΔCq method (11). Primers were synthesized by Thermo Fisher Scientific, Inc. (Table I) .
Western blot analysis. Cells were trypsinized, washed twice with ice-cold phosphate-buffered saline, lysed in radioimmunoprecipitation assay buffer (20 mmol/l Tris-HCl, 150 mmol/l NaCl, 1 mmol/l EDTA, 1% NP-40, 1 mmol/l Na 3 VO 4 , 1 mmol/l phenylmethylsulfonyl fluoride, 5 µg/ml leupetin, 5 µg/ml aprotinin and 5 µg/ml chymostatin; pH 7.4) and were centrifuged at 3,000 x g for 5 min at room temperature. Lysates were clarified and the protein concentrations were determined according to the method of Lowry et al (12) , using bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.) as the standard. Cellular proteins (20 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% non-fat milk in Tris-buffered saline (TBS) containing 0.05% Tween-20 (TBST) for 2 h at room temperature. Subsequently, membranes were probed with the following primary antibodies, diluted 1:1,000, overnight at 4˚C: rabbit anti-NF-κB (catalog no. 8242), rabbit anti-phosphorylated (p)-NF-κB (catalog no. 3033), rabbit anti-IKKβ (catalog no. 8943), rabbit anti-p-IKKβ (catalog no. 2694), rabbit anti-p-tau (catalog no. 15013), rabbit anti-p-S6 (catalog no. 4858) and rabbit anti-β-actin (catalog Table I . Primer sequences. Histological assays. Paraffin sections were stained with hematoxylin and eosin (H&E) according to the manufacturer's protocol. The cells which were swollen or were abnormally circular cells were defined as positive cells, and these cells were counted using Image-Pro Plus software verison 7.0.
Statistical analysis. Data are representative of a minimum of three independent experiments, each of which were performed in triplicate. Statistical analyses were conducted using GraphPad Prism software, version 3.0 (GraphPad Software, Inc., La Jolla, CA, USA). Data were analyzed using a one-way analysis of variance followed by Tukey's post hoc test. Data are expressed as the mean ± standard error. P<0.05 was considered to indicate a statistically significant difference.
Results
RAPA attenuates LPS-induced increases in IL1β, HIF1α
and IL6 mRNA expression levels. SH-SY5Y cells were cultured with 20 µg/ml LPS and 0.1-10 nmol/ml RAPA for 6, 12 or 24 h. RT-qPCR revealed that IL1β mRNA expression was significantly reduced following treatment with RAPA compared with the LPS only group, at 6 (P= 0.029; Fig. 1A), 12 (P=0.0011; Fig. 1B) and 24 h (P=0.003; Fig. 1C ). In addition, HIF1α (P=0.0229 at 6 h, P=0.0005 at 12 h and P=0.0001 at 24 h vs. LPS alone; Fig. 1D-F) and IL6 (P= 0.015 at 6 h, P=0.005 at 12 h and P=0.0001 at 24 h vs. LPS alone; Fig. 1G-I ) mRNA expression levels were significantly reduced in the RAPA groups compared with the LPS only group.
RAPA attenuate LPS-induced increases in p-S6, p-tau, p-NFκB and p-IKKB.
SH-SY5Y cells were treated with 20 µg/ml LPS and 0.1-10.0 nmol/ml RAPA for 6, 12 or 24 h. Western blot analysis ( Fig. 2A and B) revealed that expression levels of p-NFκB decreased gradually with increasing concentrations of RAPA at 6 (P=0.0025; Fig. 2L-N) . At 6 h, suppression of p-NFκB (Fig. 2C) , p-IKKβ (Fig. 2F ) and p-S6 (Fig. 2L) began and appeared to be dose-dependent. In addition, the inhibitory effect on p-NFκB lasted for 12 h (Fig. 2D) , and even 24 h (Fig. 2E) . Similarly, expression of p-IKKβ was decreased at 12 ( Fig. 2G ) and 24 h (Fig. 2H) . Therefore, critical components of the NFκB signaling pathway, p-NFκB and p-IKKβ, were suppressed by RAPA and the neuroinflammation protein, p-tau was decreased. In addition, the downstream protein of the mTOR signaling pathway, p-S6 was downregulated by RAPA.
RAPA increases the anti-inflammatory properties of neurons.
Female SD rats were randomly divided into sham, LPS and LPS + RAPA groups. Cerebral cortex sections stained with H&E revealed that treatment with LPS caused cells to become swollen and abnormally circular, in a time-dependent manner (P=0.029 at 6 h, P=0.018 at 12 h and P=0.003 at 24 h vs. sham; Fig. 3A-D) ; this damage was abrogated by RAPA (P=0.009 at 6 h, P=0.001 at 12 h and P=0.0002 at 24 h vs. LPS; Fig. 3A-D) . The swollen and abnormally circular cells within sections were counted to quantify the LPS-induced inflammation. The inflammatory response in the neurons increased in the LPS group; however, this increase was reduced over time in the LPS + RAPA group [6 (Fig. 3B), 12  (Fig. 3C ) and 24 h (Fig. 3D) ]. Detection of HIF1α (Fig. 4A ) and p-S6 (Fig. 4B) by immunohistochemistry determined that expression levels of HIF1α in rat cerebral cortex increased following LPS injection (P= 0.0021 at 6 h, P= 0.0011 at 12 h and P=0.00022 at 24 h vs. sham; Fig. 4C-E) ; however, this increase was abrogated over time by RAPA treatment, at 6 (P=0.001 vs. LPS; Fig. 4C), 12 (P=0.005 vs. LPS; Fig. 4D ) and 24 h (P=0.003 vs. LPS; Fig. 4E) . A similar pattern was 
Discussion
The present study demonstrated that, following an LPS-induced neuroinflammatory response, RAPA significantly altered the expression of key proteins and cytokines, and modulated the neuronal inflammatory response. It has previously been demonstrated that RAPA inhibits the mTOR complex 1 (mTORC1) signaling pathway and prevents phosphorylation of proteins involved in transcription, translation and cell cycle control (14) . Although inflammation has long been implicated in AD pathogenesis, its importance has recently become more widely recognized. Increasing evidence has suggested that inflammation is critical for the initiation and progression of AD; it has therefore been identified as a potential therapeutic target. AD has been associated with polymorphisms in genes involved in inflammation (15) . IL1 is an immunoregulatory cytokine that has been shown to be overexpressed in affected regions of the cerebral cortex in patients with AD, as determined by quantitative assays of tissue IL1 concentrations and analysis of IL1-immunoreactive microglia (16, 17) . IL6 is a pleiotropic cytokine that mediates inflammation affecting the growth and differentiation of cells in the CNS (18, 19) . Although IL6 is widely accepted to be involved in various CNS disorders, there is evidence to suggest that, in certain circumstances, IL6 may have anti-inflammatory effects as well as other beneficial properties. For example, IL6 has been demonstrated to be critical in the regulation of neuronal survival and function (20) (21) (22) (23) (24) . In the present study, RT-qPCR analyses revealed that IL1β and IL6 mRNA expression levels were significantly suppressed by RAPA treatment. These anti-neuroinflammatory effects may provide neuroprotection. HIF1α, which is the functional subunit of HIF1, is typically activated under conditions of hypoxia (25, 26) . HIF-1 has been demonstrated to be an essential transcription factor that mediates oxygen homeostasis and exhibits an adaptive response to the pathological conditions that result from hypoxia (27) , upregulating genes that protect against cerebrovascular diseases and neurodegenerative disorders (28) . A previous study suggested that HIF1α may be a novel therapeutic target for the treatment of cerebral ischemia (29) . When inflammation occurs under conditions of hypoxia, an increase in the mRNA expression levels of HIF1α and the activation of mTOR have been observed (30, 31) . Using RT-qPCR and immunohistochemistry, the present study demonstrated that in the presence of RAPA, the HIF1α levels were markedly decreased in vivo and in vitro from 6 to 24 h. This may downregulate the expression of genes responsible for protection against cerebral inflammatory injury, and thus provide neuroprotection. Certain previous studies have demonstrated that myeloid-specific deletion of HIF-1α impaired inflammatory responses, which was associated with a metabolic defect characterized by lower glycolytic rates and energy generation in the absence of HIF-1α (32, 33) . mTOR integrates signaling pathways that respond to growth factors, energy metabolism, nutrients and in addition, stress (34) . Postmortem evidence from the brains of patients with AD indicated that expression levels of p-S6 are increased compared with brains from age-matched controls, thus suggesting that mTORC1 activity is elevated in AD brains (35) (36) (37) (38) (39) (40) (41) and that events downstream of mTORC1 are involved in AD (42) . The increase in mTOR-dependent signaling has also been positively and significantly correlated with total tau and p-tau expression levels, and the decades-long continuous synthesis of tau in degenerating neurons resulted from upregulated mTOR-dependent signaling (40) . Evidence has indicated a direct association between the neuropathological effects of Aβ and activation of the NFκB signaling cascade (43) . Aβ induces the accumulation of inhibitor of κB, a downstream transcriptional target of the NFκB signaling pathway. The results of the present study revealed that RAPA inhibited the expression of the mTORC1 downstream target, p-S6, and the NFκB downstream targets, p-NFκB and p-IKKβ, in addition to suppressing p-tau protein expression levels. This is indicative of anti-neurodegenerative effects mediated by RAPA via mTORC1 and the downstream NFκB signaling pathway (Fig. 5) .
Activated microglia produce cytotoxic molecules, including nitric oxide, oxygen radicals, arachidonic acid derivatives and in addition, cytokines (1, 15, (44) (45) (46) . Numerous mechanisms may underlie the contribution of post-traumatic inflammation to neuronal damage (10); the anti-inflammatory effects of early RAPA treatment may reduce microglial activation and enhance recovery from head trauma. RAPA is non-cytotoxic in vivo and may be used as an anti-angiogenic agent to inhibit tumor growth (6) . The lack of toxicity of RAPA adds weight to the importance of the neuroprotective effects of RAPA revealed in the present study.
In conclusion, the results of the present study demonstrated that RAPA suppresses the neuroinflammation induced by LPS, in vitro and in vivo. RAPA may therefore be a potential therapeutic agent for the treatment of early AD, or for the treatment of neuroinflammation in non-AD patients to prevent the onset of AD. However, further studies are required to confirm the suitability of RAPA as a treatment strategy. Figure 5 . RAPA inhibits LPS-induced neuroinflammation via the mammalian target of rapamycin complex 1 signaling pathway. LPS, lipopolysaccharide; RAPA, rapamycin; SD, Sprague Dawley; p-, phosphorylated; IL, interleukin; HIF1α, hypoxia-inducible factor 1α; NFκB, nuclear factor κB; IKKβ, inhibitor of NFκB kinase subunit β.
